available are insufficient to support a practice guideline for arterial complications of PTBI. 3 However, literature consensus supports diagnostic angiography in hemodynamically stable patients as soon as it is safe to perform. The urgency to detect and intervene in this setting is related to the dynamic nature of traumatic arterial lesions, which may result in catastrophic secondary neurological injury from complications of hemorrhage and infarctions. Hemorrhagic complications include intraparenchymal, subarachnoid, and intraventricular hemorrhages, and infarctions can be either thrombotic or embolic in nature. Recognizing these arterial injuries and appropriately managing them either by surgical or endovascular approaches or by antiplatelet or anticoagulant therapy before they result in complications could significantly reduce morbidity and mortality. Digital subtraction angiography (DSA) is considered the standard of reference for detection and characterization of intracranial arterial injuries. Although there is limited overall experience with endovascular treatment technology in the setting of PTBI, DSA can provide opportunity for therapeutic interventions such as safe endovascular coiling or stenting in some detected injuries. However, it is an invasive technique and is associated with complications. Techniques to screen for arterial injuries would be helpful after PTBI. 13 Computed tomography angiography (CTA) is a noninvasive imaging modality that has been used for the evaluation of nontraumatic intracranial aneurysms 16 and arterial injuries in the neck after penetrating trauma. 11, 12 The diagnostic performance of CTA in those groups compared favorably with that of DSA. 11, 12, 16 The role of CTA in the evaluation of patients with PTBI has not been investigated. The purpose of our study was to determine the sensitivities and specificities of helical CTA for detection of all types of intracranial arterial injuries caused by PTBI, with separate analysis of the subpopulation with TICAs, compared with DSA as the standard of reference.
Methods
The study complied with the Health Insurance Portability and Accountability Act, and permission was obtained from the University of Maryland Institutional Review Board. A waiver of informed consent was obtained. The study was conducted at a Level I trauma center. The inclusion criteria for this study were as follows: 1) history of penetrating trauma to the head with a total calvarial width fracture and involvement of the brain parenchyma, occurring between January 2005 and December 2012; 2) acquisition of CTA and DSA images within 24 hours of each other; and 3) age ≥ 18 years. The following were the exclusion criteria: 1) intracranial injuries without bullet penetration of the cranium; 2) concomitant neck vessel injuries caused either by multiple entry wounds or by extracranial trajectory of single entry wound; and 3) metal artifacts limiting the visualization of intracranial arterial segments to the third-order branches.
We retrospectively reviewed the admission database, which contained 6,110 adult subjects with penetrating trauma during the study period. Digital subtraction angiography was performed in 182 patients by interventional neuroradiologists, and of these patients 57 underwent intracranial angiography for PTBI; the remainder underwent neck vessel angiography for penetrating neck trauma. Of these 57 patients, 4 had DSA performed beyond 24 hours after CTA, 2 patients lacked accompanying CTA, and 6 patients had metal artifacts on CTA limiting the visualization of intracranial arteries to the third-order branches, which was considered as missing data. After analysis of the data, it was determined that the data were missing at random; that is, the likelihood of arterial injuries in patients who were excluded from analysis would be equal to the likelihood of arterial injuries in the whole population. The missing data were dealt with by listwise deletion. One of the study authors (U.B.) who was not involved in subsequent blinded review of the images excluded CTA studies with metal artifacts from the study. In all, we selected 45 patients for review: 35 men and 10 women (mean age 31 years; range 18-73 years). The mechanism of injury was gunshot wounds in 40 patients and stab wounds in 4; 1 patient was impaled by a piece of wood. The mean duration between the CTA and DSA was 7.4 hours (range 1.5-18 hours). All the patients in the study underwent CTA within 12 hours of admission. A total of 48 sets of studies from 45 patients were included in the study, including 3 followup study sets; the initial study sets in these 3 patients were negative, with delayed presentation of arterial injuries, all TICAs. Two patients had follow-up studies because of hemorrhagic progression of parenchymal injury at the exit site and entry site, respectively, on repeat head CT scans. Follow-up studies in the third patient were performed because of a bone fragment abutting the middle cerebral artery (MCA) branch on the initial set of angiograms. The follow-up studies were performed on Day 3 after admission in 1 patient and Day 4 in the other 2 patients. Figure  1 shows the patient selection flow chart.
Imaging Protocol
Protocols for CTA and intravenous administration of contrast material are shown in Table 1 . All studies were performed using our institutional cerebral CTA protocol. Images were acquired using 16-, 40-, or 64-detector CT scanners (Brilliance; Philips Healthcare). Twenty-nine studies were performed on a 16-detector row scanner, and 8 and 11 studies were performed on 40-and 64-detector row scanners, respectively.
Fellowship-trained interventional neuroradiologists performed all DSA examinations. The specific techniques used were at the discretion of each neuroradiologist, based on his or her preference and the patient's clinical condition and anatomy. In standard practice, studies were initially reviewed on the angiography console, with routine archiving of images in at least 2 orthogonal planes (typically posterior-anterior and lateral projections). Additional views were obtained and archived when necessary.
Image Interpretation
Three radiologists (P.M.J., trauma radiology fellow in the last month of training, Reader 1; G.V., 4th-year radiology resident, Reader 2; and A.R.B., with 5 years of trauma radiology experience, Reader 3) independently reviewed all the CTA images. The readers were unaware of the imaging findings of DSA and unenhanced brain CT. Image reading was overseen and all discrepancies were later adjudicated by a trauma radiologist (K.S., Reader 4) with 22 years of experience in trauma radiology and interpreting CTAs. Computed tomography angiography images included soft-copy axial thin-section, multiplanar reconstructed (MPR), and maximum-intensity-projection (MIP) images in coronal and sagittal planes. All the axial images were loaded onto a standard workstation (Dell) configured with thin-client software (TeraRecon, Inc.) to 
* Iodine at 300 mg/ml. † Contrast material injection followed by a 50-ml saline push injected at a rate of 4 ml/sec. ‡ Bolus Pro triggering system (Philips), with the region of interest at the distal ICA. HU = Hounsfield units. § Based on a test injection of 15 ml of contrast material at a rate of 4 ml/sec, with the region of interest at the distal ICA. facilitate volume rendering and postprocessing of MPR and MIP images in additional planes. To locate the injuries, the arterial trees were examined to the third-order branches (Fig. 2) . The arterial segments analyzed in each patient are shown in Table 2 .
Reviewers scored all the studies using a confidence scale ranging from 0 to 10, with 0 indicating that the study was definitely negative and 1 or higher indicating that the study was possibly positive requiring DSA. Reviewers understood that assigning a score of 1 or higher would be considered positive while measuring sensitivities and specificities. By convention, the lowest positive score of 1 indicated absolute uncertainty and the highest score of 10 indicated absolute certainty for arterial injury. Once the injuries were identified, they were characterized as 1 of 6 prespecified types of arterial trauma: TICA (Figs. 3-5) , occlusion, dissection or segmental narrowing, active bleeding, arteriovenous fistulas (Fig. 5) , and mural thrombus.
The reference standard was the originally reported interpretation of the DSA performed within 24 hours of CTA. The reports were further confirmed by direct review of the images.
Statistical Analysis
Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of CTA were calculated on a per-injury basis using contingency tables; interpretations of the adjudicator (Reader 4) were included for final analysis. Also, the sensitivity, specificity, PPV, NPV, and areas under the receiver operating characteristic curves (AUC) of CTA were independently calculated Fig. 2 . Schematic demonstrates the intracranial arterial segments examined to the third-order branches along with the location and type of various injuries. A3 = anterior cerebral artery segment 3; Pseudo-aneurysm = TICA. See Table 2 for definitions of other abbreviations.
for each reviewer. A score of 0 was considered negative, and a score of 1 and greater was considered positive in determining the sensitivity and specificity values. Receiver operating characteristic curves and contingency tables were generated and compared using statistical software (Analyze-it for Microsoft Excel, version 2.30 [Analyzeit Software, Ltd.], and JMP 11 [SAS Institute Inc.]). Receiver operating characteristic curves were generated using the confidence scores (0-10). A p < 0.05 indicated a significant difference for all analyses.
Results

Injury Characteristics
There were 22 arterial injuries in 45 patients. Of these, 4 patients had multiple injuries: 1 patient had 3 sites of injury, and 3 patients had 2 sites of injury. Of the 22 injuries, there were 8 dissections, 7 TICAs, 6 occlusions, and 1 carotid-cavernous fistula. The average maximum TICA sac diameter was 3.6 mm (range 1.5-6 mm). Of the 7 TICAs, 4 were 1.5-3 mm and 3 were 3-6 mm in maximal diameter.
The injuries were located at the MCA (n = 8), the internal carotid artery (ICA; n = 6), the anterior cerebral artery (n = 5), the ophthalmic artery (n = 2), and the posterior inferior cerebellar artery (n = 1). The location and type of various injuries are shown in Fig. 2 . Five of the 7 TICAs were identified at either the entry or the exit site of the penetrating wound. Three of the 7 TICAs were not identified on initial CTA and DSA performed within 12 hours after admission: 1 patient with hemorrhagic progression of parenchymal injury at the exit site of gunshot wound, 1 with hemorrhagic progression of parenchymal injury at entry site of stab wound, and 1 with initial angiograms showing bone fragment abutting the MCA branch underwent repeat CTA and DSA. All the repeat studies were performed by Day 4 postinjury. The 2 patients with hemorrhagic progression developed TICAs at the same site of intraparenchymal bleed.
Diagnostic Performance of CTA for All Arterial Injuries
Overall sensitivity of the CTA studies obtained from the interpretation of the adjudicator (Reader 4) was 72.7% (16/22; 95% CI 49.8%-89.3%); specificity, 93.5% (29/31; 95% CI 78.6%-99.2%); PPV, 88.9% (16/18; 95% CI 65.3%-98.6%); NPV, 82.9% (29/35; 95% CI 66.4%-93.4%); and AUC, 0.83 (95% CI 72.6-93.6). Sensitivities, specificities, PPVs, NPVs, and AUCs for the detection of arterial injuries by CTA are shown for each of the remaining three readers in Table 3 . There was moderate interobserver agreement among all the 4 readers combined as reported by the k statistic (mean ± SE 0.55 ± 0.056; range 0.41-0.67). There was substantial agreement between the 2 experienced readers (Readers 3 and 4: k = 0.67). The diagnostic performance of the reviewers for discriminating the presence of arterial injury as shown by AUCs ranged from 0.77 to 0.86 and were higher for the 3 more experienced readers (Reader 1, 0.86; Reader 3, 0.85; and Reader 4, 0.83, respectively, vs Reader 2, 0.77); although a trend toward improved performance with experience is suggested (p = 0.27-0.89), differences in the AUCs did not reach statistical significance. The receiver operating characteristic curves are shown in Fig. 6 . Analysis of the data after inclusion of the patients with metal artifacts on CTA showed an expected decreased sensitivity of 66.7% (95% CI 44.7%-83.6%), increased specificity of 94.3% (95% CI 83.7%-99%), unchanged PPV of 88.9% (95% CI 68.4%-98.0%), and decreased NPV of 80.5% (95% CI 71.5%-84.5%). The reviewers could not identify on CTA the 2 injuries concealed by the metal artifacts; there were no false-positive interpretations in any of the 6 patients with metal artifacts. There was no consistent pattern for missed arterial injuries on CTA, with no single arterial injury missed by all the readers; 6 dissections and 3 occlusions were misinterpreted by at least 1 reader. All the readers correctly identified the single carotid-cavernous fistula, 2 right ICA occlusions, and 2 right ICA dissections present in our sample.
Diagnostic Performance of CTA for TICAs
Sensitivity, specificity, PPV, and NPV of CTA, obtained from the adjudicator's interpretation (Reader 4), in detecting TICAs was 100%. Readers 1 and 2 correctly identified 4 of the 7 TICAs, and Reader 3 correctly identified all 7 TICAs. There were no false-positive results for TICAs by any of the readers. Table 4 shows sensitivities, specificities, PPVs, NPVs, and AUCs for the detection of TICAs for each of the 4 readers. There was improved performance with experience (Readers 3 and 4 vs Readers 1 and 2), with the difference in the AUC reaching statistical significance (p = 0.03).
Diagnostic Probability Based on Confidence Score
To assess the distribution of scores in relation to the DSA findings of arterial injuries, we further divided the confidence scores (1-10) into 3 probability groups: low probability of injury (score 1-3), intermediate probability (score 4-6), and high probability (score 7-10). The results are shown in the Table 5 . Most of the true-positive interpretations were categorized into the high-probability group. The false-positive interpretations were all in the low-probability group. Agreement with DSA, the reference standard, calculated using these ordinal variables yielded an overall effectiveness of 77.8% (95% CI 71.8%-82.9%).
Treatment of Non-TICA Injuries
Some of the non-TICA injuries in our cohort were treated medically with aspirin in combination with clopidogrel bisulfate, endovascular vessel occlusion using Amplatzer vascular plugs, coagulation during cerebral debridement, or just by nimodipine to prevent infarctions (embolic or thrombotic). Some injuries without any intervention either had no detrimental consequences or developed secondary injury due to infarctions. With no set guidelines for management of the non-TICA injuries, the optimal management plan was formulated on an individual basis at the discretion of the neurosurgeon and the interventional neuroradiologist.
Official Radiology Report (Initial Interpretation)
The sensitivity, specificity, PPV, and NPV of CTA as derived from the official radiology reports rendered at the time of initial interpretation compared with DSA were 68.2% (15/22), 85.7% (27/31), 79% (15/19), and 79.4% (27/34), respectively. Of the 7 missed arterial injuries, 2 were TICAs. All the false-negative interpretations of CTA were identified by at least 1 of the readers on retrospective review.
Discussion
The available options to identify traumatic intracranial arterial injuries are CTA and DSA. Digital subtraction angiography is expensive, labor-intensive, and potentially difficult to perform in a timely manner where equipment or qualified personnel are limited and hence is not an optimal choice as a screening modality. 14 The Brain Trauma Foundation has stressed the need and importance for screening techniques to detect arterial complications after PTBI.
3,13 Specifically, particular interest was expressed in the sensitivity of CTA. 3 According to our results, CTA had an overall sensitivity of 72.7% (95% CI 49.8%-89.3%) in detecting arterial injuries after PTBI. The sensitivity of CTA for the 4 reviewers ranged from 63.6% to 77.3%. However, CTA was accurate in detecting TICAs, a subgroup of injuries usually managed either by surgical or endovascular approaches. 5 Experienced readers correctly identified all 7 TICAs. There was a statistically significant difference between the experienced radiologists' and the trainees' reviews with respect to AUC values for TICAs, suggesting a steeper learning curve. Sensitivity of CTA was limited with respect to non-TICA injuries (arterial dissections and occlusions) involving second-and third-order branches, which have no set guidelines for management. However, identification of these injuries may provide an opportunity to treat with antiplatelet or anticoagulant therapy, surgery, or endovascular treatments, when appropriate, to prevent embolic or thrombotic infarctions.
Studies have shown that a single negative DSA should not exclude the possibility of an injury since delayed appearance of a new TICA as late as 35 days after initial study has been documented. 4, 6 This argument was further strengthened by our results, as 3 of 7 TICAs were not identified on initial CTA and DSA performed at the time of admission. According to Bell et al., 5 TICAs can rupture as early as postinjury Day 4 and as late as 32 days after injury. Further, some untreated TICAs subsequently heal and resolve, and those that rupture tend to be larger. 5 The largest TICA (6 mm) in our study was in the left ICA. Follow-up DSA on Day 10 showed progression of injury with development of a large carotid-cavernous fistula due to the aneurysmal rupture (Fig. 5) , which was treated by endovascular means. We do not have sufficient information on the natural progression of the remaining TICAs, as they underwent prompt treatment either by surgical exclusion from the cerebral circulation or by an endovascular approach. Peripheral branches of the MCA and anterior cerebral artery are known to be more vulnerable to TICAs than are the ICA and circle of Willis. 3 The distribution of TICAs was similar in our group, with most injuries noted in the peripheral branches of the MCA at either the entry or the exit site of the wounds (Figs. 2-4) . However, our results showed a high incidence of arterial injuries, such as dissections and occlusions involving the ICAs. TICAs are usually located along the harboring vessel and not over the branching point. 4 Similarly, none of the TICAs in our group was noted at the arterial bifurcations or the circle of Willis (Fig. 2) .
The limited sensitivity of CTA in patients with PTBI (72.7%, range 63.6%-77.3%) compared with nontraumatic intracranial aneurysms (pooled sensitivity 98%) 16 and vascular injuries in the neck after penetrating trauma (range 90%-100%) 8, 11, 12, 15 can be explained by several factors. The fact that the vascular injuries after PTBI are usually located along the harboring vessel, rather than at the central branching point as with nontraumatic aneurysms, may have yielded a lower sensitivity due to decreasing resolution as we move farther from the circle of Willis. Compared with neck vessel injury after penetrating trauma, the intracranial arteries are considerably smaller in caliber, which may have decreased the detection rate of injuries due to the lower resolution of the intracranial arteries. Finally, beam-hardening artifacts may have impaired the delineation of arteries adjacent to the calvaria.
There were several limitations to our study. The retrospective design with a small study cohort may limit the generalizability of the results. There was no uniform imaging protocol; studies were performed on 3 different types of scanners, including a 16-channel CT scanner, which has been largely replaced by newer 64-, 128-, and 256-channel scanners in most US trauma centers. Use of the latest imaging technologies would yield better-quality images, which may affect results. The time delay between the CTA and DSA may have resulted in evolutionary changes affecting the results. Finally, we did not evaluate beyond the third-order branches of the intracranial arteries for injuries (except for TICAs), because of limitations in spatial resolution of the CTA compared with DSA. Although the clinical management protocols at our institute suggest that small-vessel injuries beyond the third-order branches, such as occlusions or dissections, need no specific therapy, the natural history or clinical consequences of these injuries are not well known.
Conclusions
Computed tomography angiography may be accurate in detection of TICAs after PTBI, which are usually managed by either surgical or endovascular approaches. Given its limited sensitivity with non-TICA injuries, such as dissections and occlusions involving the second-and third-order branches, it may not be used as a screening test to detect such injuries. However, CTA may be considered to supersede DSA as the diagnostic tool of choice in the initial evaluation of wound profile and help guide the decision for the type of treatment if an injury is detected. However, a negative study should not preclude a subsequent DSA, as a considerable number of non-TICA injuries will be missed by this modality, preventing timely intervention in these patients.
